The propagation of light in a one-dimensional multilayer stack is examined for a disordered system with short range correlation. As known in the random dimer model, pairing the defect elements at random breaks down the Anderson localization and opens a frequency window of extended propagating modes around the predicted conventional dimer resonance. By dealing with host and defect layers with identical phase thicknesses at both host and defect principal standing resonances, we demonstrate the existence of a new ballistic-like regime at an additional standing commuting resonance.
Introduction
The effect of disorder in physics has for a long time been considered as destructive. With the presence of randomness in the propagating system, the basic assumptions of the Bloch theorem fail due to the breaking of translational symmetry [1] . Using the tight binding model for electronic systems, Anderson showed in his pioneering work that, with enough disorder, eigenfunctions become localized in a finite region of space, transforming the system to an insulator [2, 3] . Later, Anderson localization in one and two-dimensional systems was regarded as an exact statement through the one parameter scaling theory, developed by the 'gang of four' [4] .
During the 1990s, localization in one-dimensional systems became more attractive since the first restrictions on the Anderson localization had been found [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . With the presence of short range correlation in binary disordered alloys, Phillips et al demonstrated the absence of localization in polyaniline. They pointed out that by random pairing the defect elements in binary compounds can be constructive and provide metallic transport properties for such disordered materials [5] . The random dimer model (RDM) has been extensively studied to describe the metal-insulator transition in electronic systems within the tight binding model and transfer matrix formalisms [6] [7] [8] [9] [10] [11] [12] [13] . Experimental evidence [14, 15] for the delocalization process in the RDM has been found and has consolidated the basic theoretical statements [4] .
On the other hand, the concept of a photonic crystal following the ideas of Yablonovitch [16] and John [17] has been used to design materials that can affect the properties of photons in the same way that semiconductor materials affect electrons [18] . As the transmission of electromagnetic waves also shows interference effects, these systems are appropriate for describing light flow [19, 20] . Light waves in disordered structures undergo random multiple scattering that can be considered as a diffusive type of transport. What makes disordered systems interesting is that interference effects can survive random multiple scattering. Examples of such interferences effects are coherent backscattering or weak localization [21] and short and long range intensity correlations [22] . The concept of localization was also recognized to be applicable to quasiperiodic structures and deterministic systems as well [23] . Photonic localization has been experimentally observed in Fibonacci dielectric multilayers [24] . Interest has been extended to Thue-Morse structures, as intermediate structures between periodic and quasiperiodic systems. In particular, it has been pointed out that unattenuated resonant transmissions come from the positional correlations in these particular structures [25] . Optical transport properties of complex photonic structures ranging from ordered photonic crystals to disordered strongly scattering materials have also been discussed, with focus on the intermediate regime between complete order and disorder in nanostructured dielectric systems.
In these materials, fascinating applications such as photonic devices, speciality lightning and telecommunications have been suggested [26] .
In this paper, disordered systems with short range correlations are considered. The nature of the conventional propagating modes (i.e. localized, diffusive) in the optical RDM is investigated with the principal aim of optimizing the resonant transmission responses towards ballistic-like or ballistic transmission regimes. To this end, several optimized dimer configurations are examined. Using the transfer matrix formalism, the transmission and the Lyapunov coefficients are averaged over a statistical ensemble of equivalent realizations of the disordered medium [27] . As described in figure 1 , the systems we have considered are constituted by spacer dielectric layers inserted between the host and defect elements. This geometry contrasts with the recent works on finite size scaling for the transmission of uncorrelated particular binary systems [30] and on the delocalization phenomena in optical dimer-like and nmer-like models [31] . Moreover, for systems with common fundamental standing waves for which both defect and host single layers are considered, we show that an additional unity peak transmission appears (revised conventional dimer resonance (section 2.1)).
In section 2.2, as in our recent study of the propagation of waves in mechanical random dimer systems [28] , we adjust the layer thicknesses of the host and defect elements such as the conventional defect dimer, and fundamental host standing resonances are tuned into each other. In comparison with 
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the revised conventional random dimer model, three optimized configurations with different tuned resonance wavelengths are studied. Two tables are given to summarize all the investigated cases: the examined structure parameters are presented in table 1 while the corresponding transmission regimes from the strong localized modes to the extremely extended propagating ones are described in table 2. In the optimized structures, the nature of enhanced propagating modes at the dimer resonances is studied by scaling the averaged transmission over the system length. The behaviour of the corresponding envelope wavefunctions is examined and the different phase transition regimes in such disordered optical devices are determined.
Results
By analogy with electron transmission in superlattices, i.e. succession of quantum well and potential barrier elements [10-12, 16, 29] , we study the propagation of electromagnetic waves in stratified systems made of alternating spacer and dielectric material layers. We restrict our analysis to normal incidence of transverse magnetic waves for which the magnetic field is perpendicular to the plane of incidence. For this specific incidence there is no difference between the transverse electric and the transverse magnetic waves [29] . The transmission of electromagnetic waves is examined in a defective binary dielectric system with short range correlation in disorder. For a parameter x, the corresponding uncorrelated disorder is obtained according to the probability distribution:
for j odd (1) while the random dimer model is obtained when pairs of defect cells (ACAC) are randomly distributed among the monomers AB without any aggregates (see figure 1 ).
In equation (1), c C and c B = 1 − c C are the concentrations of the defect (C) and host layers (B), respectively, whereas the symbol δ denotes the Dirac function. The cellular (spatial) disorder is considered when the parameter x refers to the dielectric constant (layer thickness).
Using the transfer matrix formalism (see appendix) averaged transmission responses are examined by means of the transmission T and the reduced Lyapunov L ξ coefficients where L and ξ are the system and localization lengths, respectively. Section 2.1 describes the revised conventional RDM while section 2.2 deals with the different cases of enhanced resonant transmission responses according to particular constraint conditions and analyses of the corresponding transmission regimes. Tables 1 and 2 present a summary of the studied systems and will served as a guideline for the paper.
The conventional RDM and the commuting-like standing resonance
The host and defect dielectric cells are provided by layers of SiO 2 (ε B = 2.25) and GaAs (ε C = 13.00) while the spatial disorder is determined by a variation of thicknesses. The layer thicknesses b B = 180 nm and b C = 75 nm are chosen such as the two dielectric layers present the same optical length:
In contrast with the recent works of Nascimento et al [30] and Zhao et al [31] about the delocalization phenomena in disordered binary dielectric stacks where only two kinds of material were considered, we deal with an additive vacuum spacer element (ε A = 1 and b A = 250 nm) between the dielectric layers. From the two corresponding unit cells AB and AC for the host and defect sublattices, this multilayer stack system becomes similar to the electronic superlattices where the quantum well is inserted between two successive potential barriers (figure 1). Without lost of generality, the system length is considered up to N = 1000 sequences (or periods in the ordered case) while the concentration of defects c c is fixed to c C = 0.20. Starting from a perfect system (AB), the fundamental standing resonance is obtained according to the transparency condition of the dielectric single layer (B):
while for the double period structure (ABAB), i.e. N = 2, the host dimer resonance appears at λ h2 = 649 nm according to the dimer condition:
where
is the analytical Kronig-Penney equation of the unit cell AB. Tr (M AB ) is the trace of the corresponding transfer matrix. Otherwise for a large number of periods N, the transmission spectrum of the host system is determined by all the resonances λ hn through the generalized resonance condition:
The allowed and forbidden photonic bands are consequently determined whenever |κ AB (λ)| < 1 and |κ AB (λ)| > 1, respectively. For the defective system, the Anderson localization in one-dimensional disordered binary alloys disappears when the defect dimer elements become totally transparent within the range of the allowed host band. As is well known in the RDM, the conventional resonance condition [10-12, 28, 31-34] is given by:
where the subscript d2 refers to the resonance of the defective double period structure (ACAC). Such a transparent defect does not disturb the propagation of waves in the host photonic subcrystal. That is why for such short range correlated disordered systems, a mini band of extended propagating waves is preserved around λ d2 [10-12, 28, 31-34] . For the above parameters (b B = 180 nm and b C = 75 nm), figure 2(a) shows the averaged transmission response in the corresponding random dimer configuration. As expected, the unity transmission peak T ≈ 1 appears at the resonance wavelength λ d2 = 649 nm according to the dimer resonance equation (equations (6)). The presence of a delocalized propagating mode, i.e.
−4 , agrees with the total transparency of the isolated dimer defect structure at this wavelength ( figure 2(a) ).
Moreover, by dealing with the same optical length (equation (2)), our revised RDM presents another peak of unity transmission at λ d1 = λ h1 = 540 nm. In fact, since the phase shifts are chosen to be identical for both host and defect single layers, this resonance originates from their simultaneous equivalent transparency condition, i.e. δ C (λ d1 ) = δ B (λ h1 ) = π. This special resonance in the conventional random dimer model seems to be similar to the conventional commuting resonance as introduced in the propagation of waves in the RDM for mechanical medium [28] and electronic systems [32] . It is important to emphasize the origins of the two above mentioned resonances: the dimer resonance comes from the total transparency of the dimer defect unit cell, i.e. κ AC (λ d2 ) = 0, while the commuting resonance results from the equivalent transmission of the defect and host single layers. To the best of our knowledge, such a particular situation of commutativity between host and defect layers at a common principal standing resonance [32] has not been previously described in disordered optical multilayer stacks [30, 31] .
A further analysis of the averaged transmission T (N, λ) at the resonant wavelengths λ h1 = 540 nm and λ d2 = 690 nm with the total number of dielectric layers N is displayed on figure 2(b) . When we examine the envelope wavefunction at λ d2 = 690 nm, the dimer resonant propagating mode shows the oscillating behaviour of the corresponding diffusive Bloch-like mode [28, 31, 32] , whereas for the commuting resonance the envelope wavefunction described by T (N, λ d1 ) is surprisingly not periodic, although both host and defect single layers are equivalently transparent at the same wavelength. The slightly linear decreasing behaviour over the system length is typical for a ballistic-like transmission regime [35] . The shorter reduced Lyapunov coefficient (
−6 ) agrees with the nature of this more extended propagating mode.
To investigate these resonances further we have examined the scaling of the T (N) as a function of the deviation wavelength λ around the resonances. For the conventional dimer resonance ( figure 2(c) ), the diffusive regime gradually loses its periodic envelope wavefunction up to λ ≈ 2 nm and gives rise at λ ≈ 6 nm to localized modes as λ increases (in this case T (N) ∝ e − N ξ where ξ is the localization length). The disorder induces a localization regime and progressively forces the envelope wavefunction toward faster exponentially decreasing behaviour. For the commuting-like resonance ( figure 2(d) ), the ballistic-like behaviour (linear decrease of T with the system length) persists until λ ≈ 3 nm. Beyond λ = 5 nm, the localization length becomes comparable with the system length and a stronger localization is gradually reached.
In figures 2(c) and (d), the two dashed lines have the following meaning: the lower line corresponds to the tangent of the critical exponentially decreasing behaviour that presents L ξ = 1. This is the limit of the strong localization regime. The upper line is a guide for the eyes that defines the borders between the intermediate and the extended-like regimes (near the resonance). In the range of this phase transition, the propagating modes are not sufficiently delocalized to be considered as extended modes. All the transmission responses in the revised conventional RDM are summarized in table 2 (see case (a) for lower and upper resonances).
Optimization of the revised conventional random dimer configuration
With the presence of the host principal standing resonance (equations (3)) in addition to the N − 1 available transparent transmission canals in a host sublattice of N periods (equation (5)), we now turn to particular random dimer configurations. By adjusting the intrinsic cell parameters, the possibility of tuning the principal host standing frequency λ h1 into the defect dimer resonance λ d2 , and hence optimizing the transmission responses, is opened up (see cases (b), (c) and (d) in tables 1 and 2 respectively).
Tuning the resonances into the defect dimer channel.
By suitable adjustment of the host parameters (b B = 216 nm), we tune the principal host standing resonance λ h1 to the defect diffusive dimer resonance λ d2 = 649 nm such as λ h1 ≡ λ d2 = 649 nm (7) and discuss the different transmission regimes. (b c = 250 nm is unchanged. See table 1, case b.) For the corresponding random dimer configuration, the averaged transmission response T (λ) presents only one resonance at the predicted wavelength λ d2 = 649 nm according to conventional dimer resonance statements. In the averaged transmission profile ( figure 3(a) ), this resonance seems to present fewer fluctuations, similar to the case of the previous ballistic-like resonance. Moreover with the shorter reduced Lyapunov coefficient
−6 , this adjusted configuration is expected to give rise to ballistic signatures for the dimer resonance.
To further investigate the nature of this resonance, the averaged transmission coefficient T (N, λ d2 ) versus the sequence number N at the dimer resonance λ d2 is scaled on figure 3(b) . In comparison with the conventional dimer behaviour, the envelope wavefunction changes drastically: with the unity transmission value over the whole system length the transmission becomes ballistic. In fact, as the phase shifts for both the dimer cell (ACAC) and the host layer (B) are identical δ ACAC = δ B = π, there is no distinction between the equivalently transparent dimer defect cells and the single host layers.
Moreover with the narrower peak transmission around the resonance (as already shown in figure 3(a) ), this ballistic regime is more sensitive to the disorder effects than the diffusive one: the intermediate regime is reached at λ ≈ 2 nm while strong localization is achieved beyond λ ≈ 4 nm (see figure 3 (c) and case (b) in table 2).
Tuning the resonances into the principal host standing channel.
In comparison with the revised random dimer configuration, we look in this section for the suitable defect element that shifts the defect dimer resonance from the diffusive channel (λ d2 = 649 nm) towards the principal host standing resonance channel (λ h1 = 540 nm) such as
To this end, by dealing with the above constraint and the Kronig-Penney dispersive relation (equation (4b)) for the defect cell AC, the defect dimer transparency condition (equations (6)) is fulfilled if
By suggesting the quarter-wave layer as the defect spacer element, a dimer configuration for spacers is also considered. The probability distribution for the corresponding spatial disorder (equation (1)) is transformed into: For the corresponding random dimer configuration, the averaged transmission profile in figure 4(a) shows the presence of a single resonance peak transmission at the dimer resonance λ d2 ≡ λ h1 = 540 nm with a larger window of resonances ( T ∼ = 1) and a more extended resonant propagating mode
−8 than in the conventional case (see cases (a) and (c) in table 2). At this adjusted dimer resonance, the transmission is enhanced into the ballistic response since T (N, λ d2 ) = 1 over the entire system. However, as shown in figures 4(b) and (c), near the dimer resonance ( λ < 3.0 nm) the envelope wavefunction behaves periodically with a linear decreasing amplitude pointing out the presence of a diffusive-like behaviour up to λ = 7.5 nm. Beyond λ = 11 nm, a stronger disorder is induced and Anderson localization becomes dominant, suppressing all the periodiclike details ( figure 4(c) ).
One notes that with the larger window of extended modes ( T ∼ = 1) this last structure is less sensitive to the disorder near the ballistic resonance. Hence a broadband ballistic-like filter can be designed.
In view of such improvement in the transmission regime near the resonance, we consider for the last dimer configuration only quarter-wave layer spacers in both defect and host cells:
In figure 5 (a), the averaged transmission response presents a unity peak transmission at the predicted dimer resonance λ d2 = 540 nm with a more optimized reduced Lyapunov coefficient
. In fact, as the dimer resonances of the host and defect elements are located at the same wavelength and as dimer cells of both defect and host elements are simultaneously transparent, i.e. κ AB (λ d2 ) = κ AC (λ d2 ) = 0, the conventional commuting resonance [28, 32] in this case is particularly realized. Moreover, with the addition of transparency of single layers, an extremely enhanced ballistic resonance is consequently obtained.
The nature of the transmission regimes is also examined near and far from the resonance. From figure 5(b) we see that the transmission at the commuting resonance is rather ballistic than diffusive as has already been presented in the conventional case [28, 32] . Moreover, as a consequence of the broadened transmission resonant peak ( figure 5(a) ), the phase transition from the ballistic to the localized regime occurs within a larger λ. In comparison with the previous case, the absence of a periodic envelope wavefunction near the ballistic resonance presents a dominantly ballistic-like transmission regime until λ ≈ 13 nm (figure 5 inset). The localized regime settles down beyond λ ≈ 17 nm (see case (d) in table 2).
Finally, because single and dimer resonances for both defect and host elements are equivalently transparent as well, such a dimer configuration in this particular case presents an extremely optimized resonant response. Consequently ballistic optical devices can be designed for the propagation of light within a pure and larger ballistic phase transition regime near the resonance wavelength.
Summary and conclusion
The propagation of light has been described in a binary disordered multilayer structure with short range correlation. Pairing the defects at random suppresses the Anderson localization of light in a one-dimensional system at the predicted diffusive resonance, in perfect agreement with the conventional random dimer model. However, when the commutativity condition between defect and host single layers is considered, an additional ballistic-like resonance is observed at the corresponding common standing resonance.
Moreover the host standing resonance can be tuned to the defect dimer one, leading to a ballistic transmission regime at the defect dimer resonance. Conversely, a mixed regime of ballistic and diffusion transmissions is obtained for the extended-like regime when quarter-wave stacks are considered as spacer elements in the defect cells.
Furthermore by dealing with only quarter-wave layers as spacers, a complete situation of commutativity between transparent host and dimer defect elements opens a larger resonance transmission mode. Near the dimer resonance, the transmission regime is enhanced from diffusion in the conventional RDM to a pure ballistic phase transition. These disordered systems are suitable for ballistic optical transmission devices with optimized tailored responses at desired wavelengths.
Finally as the RDM suppresses the Anderson localization at the dimer resonance wavelengths, different widths of extended mini bands of resonances can be opened according to the tuning resonance constraints. This gives rise to controllable phase transition regimes from strongly localized modes to extremely extended propagating modes in the ballistic resonance. The concept of ballistic optical filters with adjustable quality transmission is hence suggested.
where k 0 is the wavevector in both the incident and emergent media. With the continuity of the tangential components at each interface, the single layer scattering matrix S j is given by The transmission coefficient can be determined using:
(A.7)
This allows us to determine the reduced Lyapunov coefficient
where ξ denotes the localization length. This magnitude is suitable for describing the spreading of the envelope wavefunction of the transmission mode in the disordered system. 
